Atrial tissue expresses both connexin 40 (Cx40) and 43 (Cx43) proteins. To assess the relative roles of Cx40 and Cx43 in atrial electrical propagation, we synthesized cultured strands of atrial myocytes derived from mice with genetic deficiency in Cx40 or Cx43 expression and measured propagation velocity (PV) by high-resolution optical mapping of voltage-sensitive dye fluorescence. The amount of Cx40 and/or Cx43 in gap junctions was measured by immunohistochemistry and total or sarcolemmal Cx43 or Cx40 protein by immunoblotting. Progressive genetic reduction in Cx43 expression decreased PV from 34Ϯ6 cm/sec in Cx43 ϩ/ϩ to 30Ϯ8 cm/sec in Cx43 ϩ/Ϫ and 19Ϯ11 cm/sec in Cx43 Ϫ/Ϫ cultures. Concomitantly, the cell area occupied by Cx40 immunosignal in gap junctions decreased from 2.0Ϯ1.6% in Cx43 ϩ/ϩ to 1.7Ϯ0.5% in Cx43 ϩ/Ϫ and 1.0Ϯ0.2% in Cx43 Ϫ/Ϫ strands. In contrast, progressive genetic reduction in Cx40 expression increased PV from 30Ϯ2 cm/sec in Cx40 ϩ/ϩ to 40Ϯ7 cm/sec in Cx40 ϩ/Ϫ and 45Ϯ10 cm/sec in Cx40 Ϫ/Ϫ cultures. Concomitantly, the cell area occupied by Cx43 immunosignal in gap junctions increased from 1.2Ϯ0.9% in Cx40 ϩ/ϩ to 2.8Ϯ1.4% in Cx40 ϩ/Ϫ and 3.1Ϯ0.6% in Cx40 Ϫ/Ϫ cultures. In accordance with the immunostaining results, immunoblots of the Triton X-100 -insoluble fraction revealed an increase of Cx43 in gap junctions in extracts from Cx40-ablated atria, whereas total cellular Cx43 remained unchanged. Our results suggest that the relative abundance of Cx43 and Cx40 is an important determinant of atrial impulse propagation in neonatal hearts, whereby dominance of Cx40 decreases and dominance of Cx43 increases local propagation velocity. (Circ Res.  2006;99:1216-1224.) 
C onnexin (Cx) proteins enable the intercellular exchange of ions and small regulatory molecules and are important determinants of cardiac electrical propagation. 1 Three major connexins, Cx43, Cx40, and Cx45, are expressed in heart. 2, 3 Cx43 is abundant in ventricular and atrial myocardium; Cx40 is expressed in atrial tissue and in the Purkinje system; Cx45 is present in the sinoatrial (SA) and atrioventricular (AV) nodes and colocalizes with Cx43 in ventricular myocardium. 4, 5 Cx43 and Cx40 each form channels with relatively large pores, whereas Cx45 forms narrow channels (unitary channel conductances of 75, 130, and 30 pS, respectively). 6 Ventricular myocytes express abundant Cx43 and small amounts of Cx45. In contrast, atrial myocytes express large amounts of Cx43 and Cx40. In ventricular myocytes and transfected cells, Cx43 and Cx45 colocalize in gap junctions and may form heteromeric/heterotypic channels. 5, [7] [8] [9] [10] Heterotypic Cx43/Cx40 gap junction channels have been described in HeLa cell pairs, whereas the role of heteromeric Cx43/ Cx40 channels has not been fully clarified. 7, 11 Changes in cell-to-cell coupling by remodeling of gap junctions is considered an important factor in arrhythmogenesis. [12] [13] [14] In the setting of atrial fibrillation (AF), conflicting results concerning gap junction remodeling have been reported. One early report described an increase in Cx43 in pacing-induced AF in dogs 15 ; most other reports observed no major changes in Cx43 gap junctional or cellular protein and mRNA. 14, 16, 17 Controversial reports have also been published about Cx40 remodeling, expression being upregulated in chronic human AF 16, 18 or downregulated in a heterogeneous pattern in goats and humans. 14, 17, 19, 20 Kanagaratnam et al 21 showed a strong correlation of electrical propagation velocity with the ratio of Cx43 (or Cx40) to total Cx immunosignal ([Cx43ϩCx40]). Thus, Cx43/[Cx43ϩCx40] was directly and Cx40/[Cx43ϩCx40] inversely related to propagation veloc-ity. Importantly, these results suggest interaction between Cx43 and Cx40 function and/or expression in the atria.
Over the past years, several genetically engineered mice with modified expression of Cx43, Cx40, and Cx45 have been produced and the effects on cardiac structure, function, and development have been described. 5, [22] [23] [24] [25] [26] Macroscopic atrial conduction has been assessed in Cx40-ablated mice using extracellular electrode arrays and optical mapping. 27 Recently, we developed a model of synthetic strands of murine cardiac myocytes in culture and assessed the effect of Cx43 deletion on ventricular propagation. 5, 28, 29 In the present study, our goal was to assess the roles of Cx43 and Cx40 in atrial propagation. To this aim, we applied the patterned growth technique to create strands from murine atrial cardiomyocytes lacking Cx43 or Cx40.
Materials and Methods

Synthesis of Cardiac Strands of Specific Genotypes
The technique used to produce patterned growth of neonatal mouse ventricular myocytes has previously been described. 28 Hearts were obtained from mice maintained in an inbred colony (C57BL/6J background for Cx43 and Cx40 mice; Cx43 mice were obtained from The Jackson Laboratory, Bar Harbor, Me; Cx40 mice were a gift from Prof Klaus Willecke, University of Bonn, Germany). Embryos from mice heterozygous (Cx43 ϩ/Ϫ ) or homozygous (Cx43 Ϫ/Ϫ ) for a Cx43-null allele and wild-type mice (Cx43 ϩ/ϩ ) were obtained at embryonic day 20 (E20), ie, 1 day before birth. Wild-type (Cx40 ϩ/ϩ ) and Cx40-deficient (Cx40 ϩ/Ϫ and Cx40 Ϫ/Ϫ ) animals were obtained the first day post partum (D1). The genotype of each embryo was determined by PCR using standard protocols.
After careful and selective excision of the 2 atria and enzymatic digestion, a cell suspension was obtained that contained approximately 10 000 cells. This suspension was preplated to eliminate fibroblasts and seeded on coverslips to produce patterned growth. 5, 30 One cell suspension and 1 patterned culture dish (see Figure 1A ) was obtained from each heart. Myocytes were grown in 4.5-mm long growth channels either 40 or 60 m in width. All measurements were performed on days 4 to 5 in culture. The study complied with the ethical principles of the Swiss Academy of Medical Science.
Immunohistochemistry and Confocal Microscopy
In strands synthesized from ventricular myocytes, Cx40 is observed in only 2% to 3% of cells, which most likely originate from the specific ventricular conduction system. 5 Thus, the abundance of Cx40 staining can be used as a marker of the atrial origin of the cells in the strands, with the exception of cultures made from Cx40 Ϫ/Ϫ animals. To obtain a connexin-independent marker for atrial cell origin, we stained the cells with antibodies against peptidyl-glycine ␣-amidating monooxygenase (PAM)-1, a vesicular protein highly expressed in atrial tissue. 31 To identify and quantify the amounts of Cx40 and Cx43 at intercellular junctions, cultured cells were fixed in paraformaldehyde and immunostained with monospecific antibodies using previously described protocols. 28 The amount of immunoreactive signal in discrete spots located at intercellular junctions was quantified using laser scanning confocal microscopy and digital image processing algorithms validated in previous studies. 32
Immunoblotting, Triton X-100 Extraction, and Membrane Fractionation
To measure the total tissue content of Cx43 and Cx40 in Cx40 deficient atrial tissue, we performed immunoblot analyses in atrial tissues of all genotypes as described previously. 4 Whole atria (right and left) were homogenized; 30 g of protein was loaded on each gel. Cx band densities were divided by their respective GAPDH density values. Corrected values were normalized to wild-type values. Moreover, to assess junctional versus nonjunctional connexin expression we performed Cx43 analysis in Cx40 ϩ/ϩ , Cx40 ϩ/Ϫ , and Cx40 Ϫ/Ϫ neonatal atria based on Triton X-100 (TX100) solubility. 33
Optical Action Potential Measurement and Analysis of Propagation in Synthetic Strands
Staining of cell cultures with the voltage-sensitive dye RH237, the technique of multiple site optical recording of transmembrane potential by means of a light-sensitive diode array (8ϫ8 diodes), and determination of conduction velocity, , have been described in detail elsewhere. 5, 28, 34 Cultured cell strands were stimulated Ͼ1 mm from the recording site (cycle length, 400 to 500 ms; rectangular pulse of 5-ms duration; 1.5-fold threshold strength). The spatial resolution of the system was 15 m with a ϫ40 objective and 6 m with a ϫ100 magnification objective. Time resolution was 80 s between data points.
Statistics
All data are given in meansϮSD.
For methodological details, see the online data supplement, available at http://circres.ahajournals.org.
Results
Synthetic Strands From Fetal and Neonatal Atrial Murine Myocytes
Because Cx43 germline knockout animals die immediately after birth, patterned cultures from these animals were made from atria obtained 1 day before birth (E20) and compared with atrial cultures from Cx40 germline knockout animals obtained on the first day post partum (D1). In contrast to ventricular cells, 28 atrial cells had an elliptical shape and consistently large nuclei ( Figure 1C and 1D ).
Cx43 and Cx40 ( Figure 1B through 1D) were abundantly present in strands of wild-type atrial cells. In general, Cx43 and Cx40 colocalized in the same gap junctions, but small junctions showing only Cx43 or Cx40 fluorescence were also observed in double-labeling experiments (online data supplement). PAM-1 31 was found to be abundantly present in atrial strands and far less in ventricle. In control ventricular strands from Cx40 Ϫ/Ϫ mice, PAM-1 signal was Ͻ10% of the signal in atrial strands, thus confirming homogeneity of specific atrial cell types in the latter ( Figure 1E through 1G).
Effects of Cx43 Deletion on Cx40 Expression and Atrial Electrical Propagation
Similar to ventricular myocardium, 5 germline knock out of Cx43 produced the expected ablation of Cx43 immunosignal in gap junctions, as summarized in Table 1 and illustrated in Figure 2A and 2B. Knock out of Cx43 had a distinct effect on the area occupied by Cx40 in the gap junctions. The area occupied by Cx40 immunoreactive signal in gap junctions decreased by 15% in Cx43 ϩ/Ϫ strands and by 50% in Cx43 Ϫ/Ϫ strands. The decrease of Cx40 in Cx43 Ϫ/Ϫ strands was attributable to a decrease in the number of Cx40 gap junctions, whereas the mean gap junction size occupied by the Cx40 signal showed no major change ( Figure 2B and Table 1 ). In contrast to the immunohistochemical results, there was a nonsignificant tendency of total atrial Cx40 protein to increase with Cx43 ablation ( Figure 2C ). Thus, Cx40 increased 1.1Ϯ0.8-fold in Cx43 ϩ/Ϫ and 1.5Ϯ0.5-fold in Cx43 ϩ/Ϫ atria (nϭ6).
An action potential of a typical atrial cell, measured by optical mapping of the fluorescence change in RH237 is shown in Figure 3A . Action potentials from mouse atrial myocytes showed the typical morphology, with a relative slow upstroke and lack of a plateau (see Kléber et al 35 ) . The change in propagation velocity in atrial strands from mice with progressive deletion of Cx43 is shown in a representative experiment in Figure 3B . Group data are shown in Figure 3C . The regular shape of the isochrones suggests absence of major discontinuities in propagation. The isochrone maps in Figure 3B reveal a crowding of isochrones in the Cx43 Ϫ/Ϫ strand versus the Cx43 ϩ/ϩ strand, corresponding to a decrease in propagation velocity from 33 cm/sec to 19 cm/sec. On average, propagation velocity decreased from 34 cm/sec in Cx43 ϩ/ϩ strands by 12% in Cx43 ϩ/Ϫ strands and by 44% to 19 cm/sec in Cx43 Ϫ/Ϫ strands ( Figure 3C and Table 1 ). The maximal upstroke velocity of the action potential, dV/dt max , taken as an indirect estimate of the ionic 
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Effects of Cx40 Deletion on Cx43 Expression and Atrial Electrical Propagation
Comparison of the immunohistochemistry and electrophysiology between Cx43 ϩ/ϩ and Cx40 ϩ/ϩ strands synthesized from cells harvested within a 24-hour gestational window (E20 versus D1) showed no statistically significant difference, with the exception of the number of Cx40-positive gap junctions that was larger in Cx40 ϩ/ϩ versus Cx43 ϩ/ϩ strands (Table 1) . Moreover, there was no difference in propagation velocities between Cx40 ϩ/Ϫ atrial strands at D1 versus E20 (online data supplement). Progressive genetic deletion of Cx40 had the expected effect of reducing the Cx40 immunosignal ( Figure  4A and Table 1 ). Ablation of Cx40 had an unexpected effect on Cx43 expression in gap junctions. In contrast to the effects of Cx43 ablation, which led to a decrease in the area occupied by Cx40 in gap junctions, Cx40 deletion was associated with a significant increase in the area occupied by Cx43 immunosignal in gap junctions. The Cx43 signal increased from Immunoblots of total protein homogenates of isolated neonatal atria ( Figure 4C ) showed the expected decrease in Cx40 content with progressive Cx40 ablation (Cx40 ϩ/ϩ , 1.0Ϯ0.2, nϭ6; Cx40 ϩ/Ϫ , 0.5Ϯ0.4, nϭ9, PϽ0.01 versus Cx40 ϩ/ϩ ; Cx40 Ϫ/Ϫ , not detectable, nϭ3). However, in contrast to results observed by immunostaining in which the amount of Cx43 signal in gap junctions was increased, no significant increase in total Cx43 protein content was observed among the Cx40 ϩ/ϩ , Cx40 ϩ/Ϫ , and Cx40 Ϫ/Ϫ genotypes (Cx40 ϩ/ϩ , 1.0Ϯ0.3, nϭ6; Cx40 ϩ/Ϫ , 1.1Ϯ0.2, nϭ8; Cx40 Ϫ/Ϫ , 0.8Ϯ0.4, nϭ3). These results suggest a shift in the proportion of total Cx43 present within junctional and nonjunctional compartments. Finally, to assess whether the increase in Cx43 immunoreactive signal observed in Cx40-deficient atria represented increased Cx43 protein in junctional membranes, we determined relative Cx43 protein in TX100-insoluble and -soluble fractions of atrial homogenates. Cx40 ablation produced a 2.4-fold increase in Cx43 in the junctional membrane ( Figure 4D) , consistent with the immunostaining data. As expected, a small amount of faster migrating Cx43 was observed in the TX100-soluble, or nonjunctional, compartments. This result was supported by additional experiments involving membrane fractionations of Cx43 protein (online data supplement).
In contrast to Cx43-deficient strands, in which conduction velocity decreased as Cx43 was ablated, electrical propagation velocity increased with progressive Cx40 deletion. Comparison of isochrone maps from strands composed of Cx40 ϩ/ϩ versus Cx40 Ϫ/Ϫ atrial myocytes is shown in a representative experiment in Figure 5A . The propagation velocity of 34 cm/sec in the Cx40 ϩ/ϩ strand increased to 48 cm/sec in the Cx40 Ϫ/Ϫ strand. As with Cx43 ablation, the isochrones showed no major discontinuities in the Cx40 Ϫ/Ϫ strands. The summarized data ( Figure 5B and Table 1 ) confirmed the increase in electrical propagation velocity by 33% (Cx40 ϩ/Ϫ ) and by 50% (Cx40 Ϫ/Ϫ ). The maximal upstroke velocity of the action potential, dV/dt max , taken as an indirect estimate of the ionic current driving propagation, was not different among the genotypes (online data supplement).
For comparison, synthetic ventricular strands were fabricated from the same hearts. 5 Figure 5B and Table 1 show that in the Cx40 Ϫ/Ϫ genotype, atrial propagation velocity approached ventricular velocity.
Macroscopic atrial conduction abnormalities have been reported in adult Cx40 Ϫ/Ϫ mice. 36 To clarify this seemingly paradoxical difference, we used quantitative confocal microscopy to compare Cx40 and Cx43 expression in gap junctions in intact atrial tissue from neonatal and adult mice with Cx40 ablation. Moreover, a second antibody (AB-2) against Cx43 was used in these experiments, in addition to Cx43 AB-1 used in cell cultures, to exclude epitope mapping as a cause of the observed increase in Cx43 signal. As shown in Figure 6A and Table 2 , whole neonatal atria showed the same pattern of Cx40 and Cx43 expression in gap junctions found in the synthetic atrial strands, characterized by significantly increased amounts of Cx43 signal in gap junctions with Cx40 ablation. No statistically significant difference was present between the data obtained with the 2 Cx43 antibodies. This contrasted with the measurements in adult (mice Ͼ8 weeks old) atrial tissue, in which Cx40 ablation did not produce any significant changes in Cx43 expression in gap junctions. The potential relevance of this finding for atrial remodeling in disease is discussed below.
Discussion
As the major result, our experiments show that genetic deletion of Cx43 in synthetic strands of neonatal atrial myocytes produces a decrease in propagation velocity and a concomitant decrease in the Cx40 immunosignal and in the number of Cx40-containing gap junctions. Conversely, deletion of Cx40 in neonatal atrial myocytes leads to an increase in electrical propagation velocity and a concomitant increase in Cx43 in atrial gap junctions.
The purity of atrial strands in cell cultures was verified by immunostaining with antibodies against Cx40 and PAM-1. The latter protein is a specific atrial protein involved in shaping of the pro-ANP vesicles. 31 The use of synthetic atrial strands may have advantages and disadvantages with respect to the analysis of electrical properties in vivo. Although our technique can provide accurate information regarding 2D cellular electrical activation, it cannot reveal potential differences in conduction properties in different atrial regions because the strands were made of a cell mixture of left and right atrial myocytes. On the other hand, optical measurement of electrical propagation in atria in vivo may be affected by difficulties in determina-tion of local activation time because of interference between the relatively long optical action potential upstroke, 37 the very short intraatrial conduction times and atrial malformations. 38 Because we combined right and left atria, our results do not address the role of differences in content of Cx43 and Cx40 between the left and right atria, as described in human atrial tissue. 39 Electrical impulse spread in whole murine Cx40 Ϫ/Ϫ hearts has revealed a number of conduction abnormalities, including SA, intraatrial, AV nodal, and intraventricular (His-Purkinje) conduction defects. 27,36,40 -43 However, studies of conduction defects in intact atria have been controversial. Whereas studies in anesthetized mice have revealed a marked prolongation in the duration of the P wave, 27, 36, 40, 41 prolongation of the P wave has been reported to be minor or absent in conscious animals. 42, 43 Direct measurements with optical mapping revealed a highly abnormal pattern of electrical excitation and propagation in the right atria of adult Cx40 Ϫ/Ϫ mice, 43 attributable to circumscribed intraatrial conduction slowing in 
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Propagation in Cx43/40-Null Atrial Myocyte Strands only a small fraction (Ϸ10%) of atrial sites. This finding may be related to the high incidence of cardiac malformations found in these animals. 38 Alternatively, conduction disturbances limited to specific sites in the right atrium could be related to phenotypic diversity among atrial myocytes. More than 40 years ago, James 44 postulated the presence of a specific intraatrial conduction system with Purkinje-like morphology. 44, 45 Although this hypothesis was later discounted, it was evident that the atria contain a small number of so-called "clear cells" sharing morphological and electrical features with cells of the Purkinje system. 45, 46 Atrial cell groups with a Purkinje cell-like phenotype might produce localized propagation block in the case of Cx40 Ϫ/Ϫ ablation, if the phenotype of such cells would include the same type of gap junction expression as that found in ventricular Purkinje fibers (presence of Cx40, absence of Cx43). Our finding of increased propagation velocity in atrial strands from neonatal Cx40 Ϫ/Ϫ myocytes stands in contrast to observations made in adult mice, as summarized above. An indication that this property may indeed become lost during growth and development is the fact that the pattern of Cx43 in gap junctions observed in neonatal animals ( Figure 4 ) was not present in adult murine atria ( Figure 6 ). The molecular mechanisms responsible for this developmental change are not yet evident. However, this process may be pertinent to atrial electrical remodeling in states of mechanical overload and hypertrophy characterized by emergence of a gene expression program that shares close similarities with gene expression in neonatal hearts. Importantly and in agreement with our experiments, 1 study of human atrial tissue from patients undergoing cardiac surgery showed a consistent relationship between the ratios of Cx43 or Cx40 to total connexin protein (Cx43/[Cx43ϩCx40] and Cx40/ [Cx43ϩCx40]) in atrial gap junctions and local propagation velocity. 21 The seemingly paradoxical observation of increased atrial propagation velocity with deletion of Cx40 described in the present report may have several causes. The findings of Valiunas and colleagues 7, 11 involving formation of mixed Cx40 and Cx43 gap junction channels in transfected HeLa cell pairs are in line with our experiments in Cx40 Ϫ/Ϫ strands. Interestingly, coexpression of Cx40 and Cx43 in HeLa cell pairs has been reported to lead to a decrease in intercellular electrical conductance compared with that seen for pure homomeric/homotypic channels. In the situation of Cx40/Cx43 coexpression, heteromeric connexons were biochemically detectable, but functional gap junction channels seemed to consist of homotypic and/or heterotypic channels. 7 In the study by Valiunas et al 7 levels of Cx43 or Cx40 expression were similar, suggesting that upregulation of Cx43 with Cx40 deletion, as observed in our experiments, would not be a prerequisite for the explanation of the increase in propagation velocity. However, our observations correspond with the notion of a real increase of Cx43 in gap junctions with Cx40 deletion; we observed that (1) the same increase of the Cx43 immunosignal was observed with 2 different antibodies; (2) the number of Cx43-positive gap junctions increased; and (3) the fraction of Cx43 in gap junctions and the sarcolemma increased in presence of unchanged total Cx43. To what extent this shift contributed to the changes in propagation velocity cannot be answered quantitatively with our experiments. Moreover, changes in phosphorylation of atrial connexins with genetic ablation cannot be excluded as a further modulator of the electrical properties.
The mechanism of the decrease of microscopic electrical propagation velocity with Cx43 ablation and the concomitant decrease of the Cx40 immunosignal in gap junctions by 50% have not yet been explained. Nevertheless, our findings correspond closely to the aforementioned study of Kanagaratnam et al in humans, 21 in which a decrease in atrial propagation velocity was reported at sites where the fraction Cx43/[Cx43ϩCx40] was decreased.
Cx45, a connexin protein forming channels with a small unitary conductance, has been reported to be present in very small amounts in atrial tissue. 2, 3, 39 In our study, as in the study by Vozzi et al, 39 it was not possible to quantify the very low levels of Cx45 immunosignal. To what extent Cx45 may play a role as a modulator of atrial cell-to-cell communication, especially with Cx43 or Cx40 deletion, remains to be elucidated.
Comparison of measurements of propagation velocities in different atrial regions in a variety of species yielded fast average electrical propagation in the crista terminalis (1.1 m/sec) and Bachmann's bundle (1.6 m/sec) and slower propagation in the atrial appendages (0.6 m/sec). 35 This indicates that atrial conduction is faster at sites that connect major structures and ensure synchronized cardiac excitation, such as the crista terminalis (propagation form There were no differences between AB-1 and AB-2 values of corresponding genotype. ND indicates not detectable; n, no. of animals. *PϽ0.05, Cx43 or Cx40 immunosignals vs wild type; ‡PϽ0.05, Cx43 AB-1 or Cx43 AB-2 vs Cx40 ϩ/ϩ of corresponding genotype.
the SA to the AV node) and Bachmann's bundle (propagation from the right to the left atrium). The findings of Kanagaratnam et al, 21 Valiunas et al, 7 and the present work suggest that the fractions of Cx40 and Cx43 in atrial cells could represent one of the physiologically important determinants of atrial propagation.
